INTRODUCTION
The hot-spot in transformer windings determines the thennal ageing rate of the insulation. The primary objective of transformer thermal design is to limit hot-spot temperature in operation below certain limitations defined by international standards, e.g. IEC 60076-7 [1] and IEEE C57.91 [2] .
Power transformers are often of disc-type winding cooled by oil circulation between the winding and the cooler/radiator. Pumps are usually used to facilitate the oil circulation. Oil flow distribution in the disc-type winding has a direct impact on the cooling performance. In addition, pressure drop over the winding determines the selection of pump and more importantly the oil split between windings connected hydraulically in parallel.
Two major methods have been developed to investigate oil flow distribution in and pressure drop over disc-type transfonner windings: network models [3-5] and computational fluid dynamics (CFD) models [6, 7] . These two methods share the same physical principles: conservations of mass, momentum and energy. Disc-type transformer windings are usually reduced to a 2D axisymmetric geometry. Network models are lumped-parameter models that approximate the 2D geometry into a network of nodes representing critical parts and junctions in the winding geometry. Correlations for fluid 978-1-5090-3396-6/16/$31.00 ©20 16 IEEE 52 flow and heat transfer processes are adopted in network models and the correlation results are processed to obey the three conservation laws. CFD models, on the other hand, solve the governing differential equations directed with high spatial resolution and accuracy at the cost of much higher computational effort. CFD models have the advantage of accuracy over network models and therefore can provide network models with correlations for the processes of fluid flow and heat transfer [8] [9] [10] .
The difficulty one may face is that even with the modelling solutions one could still be baffled as to how oil flow distribution in and pressure drop over the winding are influenced by winding geometrical dimensions, fluid properties and coolant flow rate. This is because of the sheer number of possible combinations of the variations of all the controlling parameters.
Dimensional analysis, which has been widely adopted in fluid mechanics, was used to simplify the relationship between flow distribution, or pressure drop, and the controlling parameters for a winding model [11] . The simplification without losing accuracy was achieved by transfonning the controlling parameters to their dimensionless forms. With the help of CFD simulations, the relationships were quantified to form predictive correlation equation sets.
The quantified relationships for flow distribution in and pressure drop over the winding model are universal for different types of coolants. In this paper, the characteristics of flow distribution and pressure drop for a mineral oil, a gas-to liquid (GTL) oil and a synthetic ester are investigated using the correlation equation sets obtained.
II. WINDING GEOMETRY
A disc-type transformer winding possesses an angular periodicity dictated by the number of spacers present along the circumference of the winding disc. A segment of one pass between two adjoining sets of spacers of a winding model is shown in Fig. l(a) . Since oil flow in the winding segment is a quasi-2D flow, the winding geometry can be further reduced to an axisymmetric 2D approximation, omitting the details in the vicinity of spacers and strips. The 2D geometry of a 3-pass winding model with 6 discs per pass is shown in Fig. 1 (b) , where the details of the cross section of a strand are illustrated in Fig. 1 (c) . where the subscript i is for duct number in pass 3 named from the bottom to the top of the pass, V;n is for average coolant velocity at pass 3 inlet, p is for coolant density, Jl is for coolant dynamic viscosity, Hduct is for horizontal duct height, Hdisc is for winding disc height, Wduct is for vertical duct width, Wdisc is for disc radial width.
In dimensional analysis, V; n ' p, and Wduct are chosen to be repeating parameters. After mathematical processing, the dimensionless relationship is reached:
where Pfi represents volumetric coolant flow proportion in duct i, PVin 2 Wduct / Jl is the Reynolds number (R e) at the inlet of pass 3, Hduct/Wduct is referred to as a , Hdisc/Wduct IS referred to as f3 and Wdisc ! Wduct is referred to as y.
B. Pressure Drop over the Winding
Static pressure drop over the winding is proportional to the number of passes [11] . Therefore the pressure drop over the three-pass winding model is investigated. Pressure drop over 53 the 3-pass winding model can be expressed as a function of the controlling parameters:
Similarly, by choosing, V;n' p, and Wduct as repeating parameters, the dimensionless forms of pressure drop can be obtained:
where Cpd is pressure drop coefficient for the three-pass winding model.
IV. CFD PARAMETRIC SWEEPS AND CORRELATIONS
The ways how coolant flow distribution and pressure drop are controlled by the geometrical dimensions, coolant properties and total coolant flow rate are simplified into (2) and (4) by conducting dimensional analyses prior to obtaining the quantified relationships. There are two methods to quantify the relationships: experimentation and theoretical calculations. In this paper, the theoretical calculations are presented.
A. CFD Parametric Sweeps
Theoretical calculations were implemented by performing CFD parametric sweeps with COMSOL Multiphysics 5.1. The practical ranges of winding geometrical dimensions from [12] are presented in Table I . From the practical ranges of the geometrical dimensions, the ranges of the dimensionless parameters can be obtained. Re is set to range from 50 to 1200. The swept discrete dimensionless parameters were shown in Table II . All the combinations of Re, a , f3 and y were simulated by CFD simulations. Mesh refinement study was conducted to guarantee mesh independent solutions.
B. Correlations
The results of flow distribution in pass 3 and pressure drop over the 3-pass winding model were extracted from the CFD simulations and they were correlated with the identified dimensionless parameters.
1) Correlations for Flow Distribution
The flow proportion in duct i of the third pass (Pfl) were correlated with Re, a, j3 and r by equation set (5): V.
COMPARISONS FOR DIFFERENT TYPES OF COOLANT
The correlation equation sets (5) and (6) are universal for any type of coolant. The flow distributions and pressure drops for different types of coolant can therefore be investigated conveniently using the correlation equation sets.
A. Coolant Properties
The coolant properties of three coolants, a mineral oil Gemini X, a GTL oil Diala S4 ZX-I and a synthetic ester MIDEL 7131 are shown as follows: 
where the subscript 1 is for the mineral oil, 2 for the GTL, 3 for the synthetic ester, T is for temperature in Kelvin.
B. Flow Distribution and Pressure Drop
The forgoing dimensional analyses show that flow distribution and pressure drop coefficient are controlled by the Reynolds number at the pass inlet and the dimensionless geometrical parameters, a , j3 and r . The Reynolds number is mainly controlled by coolant properties and total coolant flow rate. Therefore, the effect of geometrical dimensions can be segregated from the effects of coolant properties and total coolant flow rate. It was found that for a fixed winding geometry flow distribution gets less uniform with the increase ofRe [11] .
The influences of different coolant types on flow distribution and pressure drop are focused on in this paper. The winding geometry is fixed to be vertical duct width of 10 mm, horizontal duct height of 4 rum (a = 0.4), disc axial height of 10 rum ({3 = 1) and disc radial width of 100 mm (y = 10).
Coolant temperatures are fixed to be 333.l5 K (60°C).
1) A Fixe d Total Volumetric Flow Rate
When the pass inlet coolant velocity is fixed to be 0.3 mis, the Reynolds numbers can be obtained according to the defmition and then the coolant velocity (flow proportion) distributions in pass 3 for the three coolants can be obtained by using ( It can be seen from Fig. 2 that flow distributions for the mineral oil and the GTL oil are similar but they are different from that of the synthetic ester. Reverse flow occurs for the mineral oil and the GTL oil at the bottom of the pass. This is because the mineral oil and the GTL oil share similar kinematic viscosity and they are less viscous than the synthetic ester. The more viscous the coolant is, the smaller the Reynolds number and therefore the more uniform the flow distribution will be [11] .
The pressure drop coefficient can be obtained by using (6) and the pressure drop over the 3-pass winding model can then be obtained, as shown in Table III . As it can be seen from Table III , the synthetic ester experiences a higher pressure drop, which is the penalty of a more uniform flow distribution.
2) A Fixe d Pressure Drop
If the static pressure drop over the 3 -pass winding model is fixed to be 446 Pa, the pass inlet coolant velocity for the mineral oil, the GTL oil and the synthetic ester, according to (6), are 0.43 mis, 0.45 mls and 0.3 mis, respectively. The flow distribution for the three coolants can then be obtained by using (5), as shown in Fig. 3 .
It can be seen from Fig. 3 that flow distributions of the mineral oil and the GTL oil are more distorted. Because reverse flow occurs, oil velocity in duct 2 is close to zero, which could cause localized overheating and therefore jeopardize the cooling performance. The synthetic ester does not experience reverse flow under this condition because of higher viscosity. Therefore, ester liquids, which are more viscous, can be advantageous in terms of suppressing reverse flow and getting a relatively more uniform flow distribution. 
VI. CONDLUSION
Dimensional analyses of flow distribution in and pressure drop over disc-type transformer windings in OD cooling modes were performed to identify the dimensionless controlling parameters. CFD parametric sweeps were conducted to 55 quantify the relationships and to generate predictive correlation equation sets. With the help of the correlation equation sets, the influences of different coolant types, a mineral oil, a GTL oil and a synthetic ester on flow distribution in and pressure drop over a winding model were investigated. It was found that the synthetic ester, which is the most viscous of the three, could be advantageous in terms of suppressing reverse flow and getting a relatively more uniform flow distribution at the cost of a higher pressure drop.
